Dynamic variations in mitochondrial shape have been related to function. However, tools to automatically classify and enumerate mitochondrial shapes are lacking, as are systematic studies exploring the relationship of such shapes to mitochondrial stress. Here we show that during increased generation of mitochondrial reactive oxygen species (mtROS), mitochondria change their shape from tubular to donut or blob forms, which can be computationally quantified. Imaging of cells treated with rotenone or antimycin, showed time and dose-dependent conversion of tubular forms to donut-shaped mitochondria followed by appearance of blob forms. Time-lapse images showed reversible transitions from tubular to donut shapes and unidirectional transitions between donut and blob shapes. Blobs were the predominant sources of mtROS and appeared to be related to mitochondrial-calcium influx. Mitochondrial shape change could be prevented by either pretreatment with antioxidants like N-acetyl cysteine or inhibition of the mitochondrial calcium uniporter. This work represents a novel approach towards relating mitochondrial shape to function, through integration of cellular markers and a novel shape classification algorithm.
Mitochondria are highly dynamic organelles 1,2 and attain different shapes 3 reflecting different cellular states, during the lifetime of a cell. 4 Shape is an important determinant of function, 1, 5 which is precisely reflected by mitochondrial dynamics. 6 Recent evidences have explored the importance of mitochondrial dynamics in calcium signaling, ATP synthesis, oxidative stress, cell survival and cell-death pathways. 7 In a cell, even under stasis, mitochondria continually fuse, divide and move, with the help of motor and adapter proteins. 8 A huge stride has been made during the last decade, in deciphering mitochondrial dynamics 9 and hence highly variable and distinct shapes of mitochondria have been observed during mitochondrial fusion and fission processes. 10, 11 In most mammalian cells, mitochondria are tubular in shape under normal conditions 12 but may attain various forms during various cellular perturbations. During apoptosis mitochondria are extensively fragmented and form small punctuate or round structures, 13 while during necrosis mitochondria usually swell and become distended. 14 During autophagy, mitochondria become elongated and are spared from degradation. Besides being tubular, swollen or elongated, mitochondria have also been shown to be 'donut' shaped, which is a recently discovered form of mitochondria with biochemical and pathophysiological significance. 15 This diversification in shape of mitochondria makes this organelle a highly versatile in its function for maintaining cell survival and tissue homeostasis. Whether this shape diversity correlates with mitochondrial reactive oxygen species (mtROS) production, an important source of oxidative stress or to the redox state of the cell remains to be clearly established.
Despite the significant achievements in deciphering the dynamics of mitochondrial shape, there are no reports of quantification of these shapes in a single cell as a predictive marker of mitochondrial stress. Manual methods of counting different mitochondrial shapes in a single cell 16 are laborious, time consuming and inefficient, which in most of the cases remain dependent on the images acquired with confocal microscopy, with proper z stacking. This also limits the use of images taken with normal fluorescent microscopes, which will be difficult to use for quantification. Automatic pattern recognition tools, which can accurately distinguish between different shapes of mitochondria, can be extremely useful in this direction and will be useful in the actively growing field of mitochondrial dynamics.
Here we show that mitochondrial shape is an important determinant of mitochondrial function in terms of ROS generation. We also report that mitochondrial calcium is an important mediator of mitochondrial blob/donut shape formation and blocking mitochondrial calcium uptake prevents the formation of blob/donut shaped mitochondria.
We also developed an automated tool for simple and efficient mitochondrial shape classification to quantify stress and its correlation with the levels of mtROS generated in the cell.
Results
Mitochondrial shapes are related to mitochondrial ROS generation. To determine the relationships between mitochondrial shapes and mtROS, mitochondria were labeled by dyes or mitochondrial specific GFP proteins (mGFP), as described in methods. Mitochondria specific ROS measuring dye (MitoSOX Red) was used to measure mtROS by flow cytometry or confocal microscopy. Mitochondrial complex I and complex III inhibitors (rotenone and antimycin), were used to induce mtROS. Dose and time-dependent increase in mtROS generation was observed in BEAS-2B cells after induction with either rotenone or antimycin (Figure 1a-d ).
Mitochondria were found to be mostly in tubular form in a healthy cell, but under stress conditions associated with increased mtROS, mitochondria were observed acquiring a more donut or blob form (Figure 2a ). These three different shapes of mitochondria, referred to as tubular, blob or donut, were identifiable corresponding to branching tubes, circular tubes with clear center, and round respectively (Figure 2a) . A time-dependent increase in donut/blob-shaped mitochondria was observed with either rotenone (Figure 2b ) or antimycin treatment (Supplementary Figure S1 ).
Live cell imaging was done to monitor mtROS generation and shape change in a single cell, by costaining with mitotracker green/mGFP and MitoSOX Red. BEAS-2B cells, pretreated with rotenone or antimycin were imaged under live cell conditions and further induced with 10 mM of rotenone or antimycin to measure live changes in mitochondrial shape and mtROS levels (movies 1-4). In both healthy control cells and stressed cells, tubular mitochondria were not the major source of mtROS (low fluorescence with MitoSOX red) ( Figure 3a ). Circular mitochondria were seen as highly fluorescent on both green (mitochondrial label) and red (mtROS) channels, seen as yellow on the overlay (Figure 3a ).
This was not restricted to BEAS-2B cells only, but similar findings were observed with alveolar epithelial cells (A549), fibrosarcoma cells (HT1080) and human primary bronchial epithelial cells (Supplementary Figure S2 ). Interestingly, quantitation of mtROS in all three forms of mitochondria Mitochondrial calcium influx and ROS are early mediators of mitochondrial shape change. In order to determine whether changes in mitochondrial shape can also be prevented by ROS scavenging agents, the antioxidant N-acetyl cysteine (NAC) was used. 17 NAC pretreatment was associated with significant decrease in mtROS levels and donut/blob formation (Figure 4a and b), with more tubular form observed, compared with rotenone-induced cells that did not receive NAC. To determine whether NAC can reverse the donut/blob shaped mitochondria back to the tubular form, NAC treatment was given post rotenone (after 12 h), but no decrease in either mtROS or mitochondrial donut/blob form was observed (Figure 4c and d) . These results suggested that increased ROS led to secondary irreversible events associated with changes in mitochondrial shape. To further study the cause of the mitochondrial shape change during stress, calcium, which is an initiator of mitochondria mediated cellular apoptosis 18 was measured after rotenone treatment. Cytoplasmic calcium levels were measured in BEAS-2B cells by confocal imaging using Fluo-4AM calciumsensitive dye. Time-dependent increase in calcium levels were observed in rotenone treated BEAS-2B cells, and by 24 h post-treatment, substantial increases in cytoplasmic calcium levels were observed (Figure 5a and b), which was also confirmed by flow cytometry (Figure 5c ). Mitochondria targeted calcium GFP (inverse pericam, i-pericam), which shows diminished fluorescence with increased calcium, 19 was used to study changes in mitochondrial calcium. Calcium fluorescence measured by either flow cytometry or confocal imaging, revealed increase in mitochondrial calcium by rotenone treatment in a time-dependent manner ( Figure 5d -f), which corresponded to changes in mitochondrial shapes. To determine whether prevention of mitochondrial calcium uptake could prevent the blob/donut form, ruthenium360 (Ru360) was used to inhibit the mitochondrial calcium uniporter. Interestingly, it was observed that pretreatment of BEAS-2B cells with Ru360 (30 min before induction with 10 mM of rotenone) prevented mitochondrial calcium uptake and donut/blob formation, indicating Figure S3 ). The effect was temporary and further imaging at 24 h post induction of rotenone did not show any protection (Supplementary Figure S4 ), suggesting that mechanisms other than uniporter mediated calcium influx are likely to be important.
Mitochondrial shape quantification in single cell by a random forest based classifier. As evident from the results, donut and blob shapes were likely to be sequential stages in mitochondrial stress (Figure 6a ). However, this was from measurements in relatively few cells and difficult to prove quantitatively over a large number of events. Visual scanning and quantitative assessment of large image sets produced during live confocal microscopy would require too many man-hours. Therefore, we tried to simplify quantification of mitochondrial shapes (Figure 6b shape recognition (see methods). We were able to analyze large datasets in an automated fashion and accurately distinguish between different shapes of mitochondria in a single cell through this framework (Supplementary Figure  S5 ). Quantitation was done in a single run for more than 100 cells, under control or rotenone treated conditions at different time and the percentage of pixel count for each shape was plotted as a function of time. Figure 7c shows the original images along with their corresponding processed images, with more tubular form at lower time points and more donut or blob shape at higher time points. Consistent with the mtROS data, obtained from FACS, donut form started increasing as Figure 4 Mitochondrial shape change is reversible and mediated by increased mitochondrial calcium uptake. Pretreatment of rotenone induced BEAS-2B cells with NAC prevented the formation of donut or blob-shaped mitochondria with more pronounced effect on blob shape (a). Cells were transfected with mGFP and imaged after 24 h of time under control (Con), rotenone treated (Rot) and Rotenone treated with NAC pretreatment conditions (Rot þ NAC 24 h). NAC treatment was given 1 h before rotenone induction. NAC treatment was also associated with decreased mtROS production (b). (c) NAC treatment after 12 h of rotenone induction did not prevent the formation of donut/ blob shaped mitochondria. Cells were labeled with mitotracker red (mito Red) to see the mitochondrial shape changes. (d) ROS measurement did not show any decrease in mtROS levels with NAC treatment after 12 h of rotenone treatment as revealed by FACS data for the mtROS. Scale bars; 10 mm early as 1 h and peaked at 6 h, but there was a consistent increase in blob form, with more dramatic increase at 12 and 24 h, which contributed to overall increase in the percent total (donut þ blob) form of mitochondria (Figure 7a and b) . Images taken at higher magnification, in a single cell, were also trained with the software. The recognition of all the three forms of mitochondria even at higher magnification, with a slight compromise in resolution, again demonstrates the efficiency of the software-based approach in recognition of various mitochondrial shapes (Figure 7c ).
Discussion
Our study provides novel correlations of mitochondrial shape change with the level of mtROS being generated in human lung epithelial cells, and also shows how computational assessment of mitochondrial shape profiles within single cell, can serve as a marker of cell health. To the best of our knowledge, this is the first report of using supervised shape recognition algorithms in the field of mitochondrial dynamics, and can be easily adapted to other purposes. This is important because the dynamics of mitochondrial shape are now well documented, 20 with the growth in understanding of the protein complexes and signaling pathways involved. 21 Most of the cellular ROS is produced by mtROS, due to leakage of electrons at complexes I and III of the electron transport chain, which may lead to disruption of mitochondrial functions. We have used the mitochondrial complex I (rotenone) or complex III (antimycin) inhibitors to elevate mtROS generation in human lung epithelial cells (BEAS-2B). In order to minimize the contribution of other cytosolic ROS producing enzymes, we used mitochondria-specific ROS measuring dye, MitoSOX Red, to see the effects of mtROS on mitochondrial shape change. Sublethal concentrations of either rotenone or antimycin were selected for the study, to monitor timedependent changes in mitochondrial shape, without leading to any significant cellular or nuclear morphological changes ( Figure 2 ). We observed three distinct shapes of mitochondria: Tubular, donut or blob. Time kinetic experiments showed that mitochondria are tubular in normal conditions, change to donut form under mild stress and to blob form during high oxidative stress. Notably, even an unstressed cell shows a few spontaneously forming donuts and time lapse microscopy revealed that these are in equilibrium with the tubular form (Figure 3c-e ). In order to reliably quantify the changes in mitochondrial shape in a high-throughput and automated fashion, we trained a random forest based image-classification software on preprocessed images and the output was quantitated using in-house developed codes. Although there are reports of quantifying different mitochondrial shapes by manual methods, 16 our computational approach is the most simple and reliable technique developed so far, which efficiently distinguished and quantified different mitochondrial shapes in a single cell or even in a portion of a cell, where the images were digitally magnified. The quantitative results confirmed the visual observations done on a smaller scale, but with more confidence, precision and accuracy ( Figure 6 ). This approach of combining experimental and computational approaches is the first demonstration of structure-function relationship in mitochondria. Notably, we did not require the use of confocal imaging and the results were obtained from normal fluorescent microscopes without z stacking. The software was efficient in resolving the low intensity and very high intensity areas of mitochondrial images acquired without z stacking, thus making it a technique of widespread applicability (Supplementary Figure S6) . Nevertheless, confocal images can be quantified in the same manner presumably yielding better results than fluorescent microscopy images. This proof of principle for structurefunction relationship in mitochondria has important future implications in understanding the mitochondrial dynamics and physiology.
The relevance of these findings to physiological mechanisms of cell stress was confirmed in separate experiments where TNF-a induction was given to cells. TNF-a induction initially led to a mild increase in mtROS generation and increased donut-shaped mitochondria (Supplementary Figure  S7) . Donut shapes and increased mtROS were reversible if the cells were allowed to recover. This reversibility was not seen after longer TNF-a exposures, by which time the blob form with increased mtROS levels and increased apoptosis were seen (data not shown). Thus, we speculate that the donut shape of mitochondria can be an early marker of cellular Mitochondria were labeled with mGFP (true color) and the software processed images were pseudo colored as, blue ¼ Tubular, white ¼ Donut, red ¼ Blob and green ¼ not classifiable. Mitochondria were in Tubular form under normal conditions (cI,) with a time-dependent trend towards blob or donut form under stress conditions (cII to cVI). More than 15 images were used for quantitation. Scale bars; 10 mm stress, while the blob shape can be an early marker of irreversible toxicity. Our work is the first demonstration of using computational method to precisely quantify the degree of stress in a cell in terms of mitochondrial shape change, by using an automated tool for mitochondrial shape classification. We have also shown the relation of mitochondrial shape change to physiological parameters particularly mtROS and mitochondrial calcium, during different cellular perturbations, which has a great potential for translation.
Materials and Methods
Cell lines. BEAS-2B and human primary bronchial epithelial cells were grown in BEGM media along with the supplementary cocktail provided; A549 cells were grown in RPMI media with 10% fetal bovine serum and HT1080 were grown in Mitochondrial dyes and overexpression vectors. Mitochondrial GFP or RFP overexpression vectors (mitoGFP or mitoRFP), contain the Leader sequence of E1 alpha pyruvate dehydrogenase, with baculovirus mode of transfection; for further details, please refer to the BacMam 2.0, on LifeTechnologies website (www.invitrogen.com). The Excitation (Ex) and emission (Em) spectra of mitochondrial dyes and GFP proteins are as: mitotracker green: Ex ¼ 490 nm, Em ¼ 516 nm, mitotracker red, Ex ¼ 579 nm, Em ¼ 599 nm, mitoGFP: Ex ¼ 485 nm, Em ¼ 520 nm; mitoRFP: Ex ¼ 555 nm Em ¼ 584 nm.
Drug treatments. Rotenone, which is a mitochondrial electron transport chain complex I inhibitor and antimycin, complex III inhibitor, were purchased from sigma (Sigma Aldrich, St Louis, MO, USA). These inhibitors were used to generate mitochondrial ROS, with four different concentrations, as 10, 100, 500 or 1000 nm of rotenone, and 0.1, 1, 10, 20 mm of antimycin. Similarly TNF-a (R&D Systems, Minneapolis, MN, USA) was also used for ROS induction, at a concentration of 20 ng/ml. 22 NAC, which is a ROS scavenger (Cayman, Ann Arbor, MI, USA), was used at a concentration of 100 mM. 23 Immunoflourescence. Immunocytochemistry was done as described earlier. 24 Briefly for mitoGFP or RFP, cells were imaged either under live conditions or fixed with paraformaldehyde and washed with phosphate-buffered saline and mounted with DAPI.
Live cell imaging. For live cell imaging cells were maintained as per the culture conditions and stained with either mitochondria specific dyes or with mitochondrial targeted GFP expression proteins. Live cell imaging was done by either fluorescent based live cell imaging system (Leica DMI6000) or confocal microscopy (Leica SP5; Ernst-Leitz-Strae, Wetzlar, Germany), with appropriate, filters and lasers.
Flow cytometry. Flow cytometry was done by using either FACS caliber (BD Biosciences, San Jose, CA, USA) as described earlier. 24 For mtROS measurement, cells were stained with MitoSOX Red for 15-20 min and trypnized, washed with phosphate-buffered saline and taken for the measurement by FACS; minimum 10 thousand cells were acquired for each sample. Fluorescence of MitoSOX Red was acquired with FL2 filter settings in FACS Caliber. For mitotracker green, cells were incubated with the dye for 15-20 minutes, trypsinized and washed with phosphate-buffered saline and then taken for FACS measurement. Similarly for mitoGFP, cells were transfected with mitoGFP for 24 h and then trypsinized, washed and detected on FACS, in both the cases FL1 settings were used in the FACS caliber.
Calcium measurements. Calcium was measured in the cells by using a calcium dye, FLUO-4AM (Life Technologies, Carlsbad, CA, USA), as per the recommended protocol. Cells were seeded as described earlier and treated with proper inducers and inhibitors and during calcium measurement, cells were trypsinized and calcium dye was used along with the calcium buffer (140 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM CaCl 2 and 1 mM MgCl 2 ). 25 Calcium fluorescence was measured in the calcium buffer, by either confocal microscopy with quantification of at least 10 images or flow cytometry, using appropriate laser and filter settings. Mitochondrial calcium was measured by either confocal microscopy or flow cytometry using mitochondrial specific targeted calcium GFP, inverse pericam (i-pericam). This mitochondrial targeted i-pericam specifically measures mitochondrial calcium, where GFP fluorescence is inversely proportional to the mitochondrial calcium. 19 For live cell experiments cells were transfected with i-pericam using Lipofectamine LTX (Life Technologies, USA), as per the protocol. After 24 h of transfection cells were trypsinised and calcium fluorescence was recorded for 5 min with each image taken at 10 s interval with or without rotenone, using confocal microscopy.
Supervised classification. We used GemIdent, 26 which is a freely available Random Forests based classification tool developed in Java. GemIdent is usually used as a color based classification schema but it was also able to classify artificially constructed simple and complex shapes of the same color satisfactorily. We then added a variety of spatial noise to these shapes to mimic the biological scenario and found it to be a robust image classification system (Supplementary Figure S5) . The procedure was then extended to the preprocessed images containing labeled mitochondria. We found that the area under a phenotype (described later) was more robust to misclassification errors than counts of objects of a particular phenotype. Therefore, the phenotypes of interest were trained by defining boundaries rather than object centroids. Although training and retraining the classifier for feature identification, we found that the selection of the mask radius was absolutely critical to building a good classifier. There is a trade-off between the robustness of classification and computational time depending on the number of trees specified to build the forest. The classifier was then run on the test set for classification. The software generates separate black and white image files for each phenotype (classified pixels colored as white) and an additional file with a color overlay of all the phenotypes identified in the input image ( Supplementary Figure S5) .
Quantitation and statistical analysis for each phenotype represented by the black and white output files from GemIdent, quantification of the white area was done through Matlab (2007a, MathWorks; Natick, MA, USA) using the command 'bwareopen'. For each image the total area represented by each of the three phenotypes was then added to give a representation of the total mitochondrial content of the cell. The fractions of each of these phenotypes with respect to the total mitochondrial content were then subject to statistical data analysis in the R statistical programming language (R Development Core Team, 2010).
Statistical analysis. Data is shown as mean±S.E.M. and is a representative of three experiments. Statistical significance was set at Po0.05.
